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An cngincering prototype lincar ion t tap frequency standard (J J1S-4) using '*t1g+ is
operational and currently under test for NASA’s Deep Space Network (IDSN). The DSN
requires high stability and reliability with continuous operation. Yor practical considerations
opt ical pumping and at omit st ate select ion are accomplished with a **1 1g+4 R¥ discharge
lamp, and the trapped ions arc cooled to near room temperature using a helium buffer gas.
The standard is closely modeled from earlier research standards 1.17S- 1 and 1.I'T'S-2 which
have demonstrated excellent frequency stability for uninterrupted comparison intervals up to

5 months.

The leading maintenance and longevity issues pertain to lamp and vacuum pump lifetime.
Progress has been made on lamp fabrication, which now have a demonst rated lifet imc of more
than t hree years. Pump maint enance is accomplished without venting the main vacuum
system, which should require no maintenance for at least 10 years, The controlelectronics are
built from commercial products where feasible, and engineered subsystems arc modular for
easy replacement. In the near future, the same electronics will aso be used with the ncw
extended linear ion trap configuration currently under development which should greatly
reduce the size of the standard and further improve long term stability.

The trapped ion frequency standard can operate with a variety of local oscillators(l ,0),
including a quartz crystal, a cryogenic dielectric. resonator oscillator, or a hydrogen maser.
The 1.0 currently used in stand-alone operation in the DSNisaBVA SC cut quartz crystal
oscillator with a fractional frequency stability of 1.2 x 10*]3 from 1 to 100 seconds, A time
to analoguc converter and integrator is used to generate the high resolution control voltage
needed to steer the VCXO once each interrogation cycle (approximately 7 seconds). With
aquartz crystal 1.0 the 1.1TS-4/VCXO fractional frequency stability passes into the 107'¢
stability region at about 1 day. Stable output signals are provided to DSN users at 100 k1 1z,
1 Mz, 5 MHlz, 10 Mtlz, and 100 Milz. Frequency stability, reliability, and sensitivity to
perturbations will be presented.

*This work was performed at the Jet Propulsion l.aboratory, California Institute of
Yechnology, under contract to the National Aeronautics and Space Administration.




A MERCURY ION FREQUENCY STANDARD ENGINEERING PROTOTYPE
FOR THE NASA DEEPSPACENETWORK*

1<. 1.. Tjoclker, C. Bricker, W. Dicner, R1.. 1 lamell, A. Kirk, 1'. Kuhnle, I.. Malcki, J.1). Prestage, 1. Santiago,
3. Scidel, 1).A. Stowers, R.1.. Sydnor, T. Tucker

Jet Propulsion ]aboratory, California Institute of Technology
4800 Oak Grove Drive, MS 298-100
Pasadena, California 91109

Absty act

Anengincering prototype linear ion trap frequency standard
(1.1'1’S4) using "*11g+ isoperational and currently undei test
for NASA's | deep Space Network (1DSN). The | JSN requires
high stability and reliability with continuous operation. For
practical consider aliens optical pumping and atomic stale
sclection e accomplished with a **1 1g4 RY discharge lamp,
and the t! apped jons are cooled to near room temper ature
using ahelium bufler gas. ‘I” he standard is closely modeled
from cat licr rescarch standards 1,1'1'S- 1and 1 .1'1'S-2 which
have  demonstrated  excellent  frequency  stability  |-or
uninterrupted comparison intervals up 1o 5 months. 1 during an
initial 135 day test inthe 1)3SN, 1.1'1'S4 opcrated
continuously using aquartr. crystal as the local oscillator.
Recent signal to mist measurements indicate that a short
term stability of 0,(1)-2.0x 1 07*/1'” can be achicved when
operated with a sufliciently stable local oscillator.

Introduction

The NASA 1 decp Space Network (13SN) is used for
communication and tracking, of a varicty of spacecrafl
throughout the solar system. The complex consists of three
Signal Processing Centers (SPC) located at Goldstone
California, USA (SIT-1 O); Madrnid, Spain (SPC-60); and
Tidbinbilla, Australia (SPPC-40). At al times, each station
(which may consist of scveral antennas) operates from a single
atoniic frequency standard. For redundancy each station has
four standards, two Smithsonian Astrophysical Observatory
(SAO) hydi ogen masers 116], and two 1 lewlett Packard
cesium standards. Stability requirements range from less
stringent needs for navigation, to the much more demanding
needs of Very 1.ong Bascline Interferometry (V],131) and radio
science experiments. * 1 'he standards operate remot ely from JP’L
requiring  that the clocks be transportable, operate
autonomously, and be very 1¢liable.

This paper reports on a progt am to develop an engincering
prototype frequency standard for the 1>SN based on the 40.5
Gl1z ground state hyperfine transition of '*11g ions. lons
confined in atrap allow for Jong interrogation times and high

atomic line Q. Continuous opcration is practica using a**11g
lainp to generate 194.2 nmradiation for atomic state select ion

[1] and helium bufter gas for jon cooling {2][3]. Long term
stahility is possible since thc large 40.5 Gl1#.%S,,(}= 0,m,: 0)
ta2S,,(+=1,m, =0) ground state hyperfine transition (Jig. 1)
isless susceptible to magnetic and IDoppler shifls inmei cury
than in lighter atoms. The lincar ion trap provides a way to
increase the detected fluorescence signal to noise (S/N)
without increasing the second order Doppler shift[4]. The
hyperfine transition is interrogated using Ramscy successive
oscillatory fields with two 0.4 sccond microwave pulses
scparated by an interrogation time T, ranging fi om of 11030
seconds.

The short term fr actional frequency stability of the passive
fi cquency standard can bc expressed as

0,(1) = 2m)A/QN/S) (I /1) (1)

where 1 is tbe averaging time, Q=1 /A f, A fisthecentral
Ramsey fringe width, f, = 40.5 Gll~, S = peak ion
fluorescence, 13: background light, N = (S/24 13)"2and ‘I’ .the
cycle time.

Severa stability and environmental sensitivity measurements
have been performed using earlier rescarch standards3.1'1'S- |
and 1.1'1'S-2 {5,6,7). A short term frequency stability of
7 x 10712 has been measured and uninterrupted stability
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Figure 1: Simplified '"’Hg+ energy level diagram
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compatisons for averaging intervals up to 5 months made
against a cavity compensated hydrogen maserreferencedto
NIST-UTC[8]. The standards, 1,1'1'S-1 and 1,1'1'S-2, have also
been used extensively to examine operation, 1 cliability and
maintenance 1SSUes,

The engincering prototype, Lincar Jon Trap Standar d #/4
(11'1'S4) is modceled closely fiom these carlier JI’.1escarch
standards 14,5,6]. The design goals addressed the practical
nnplementation issues of reliable continuous opt] alien,
transportability, and maintainability.  The Shell term
per formance goal 1S to maintain S/N to achicve at least
o,(1) 7x10M/1'2. Environmental isolation and clectronic
regulation requirements were derived from measurements
with 1,1'1'S-1 and 1,1'1'S-2 [6]. The long term stability design
goal is to achicve an average frequency drift rate of less than
Ix10'¢/day, a factor of 30 improvement over hydrogen
mascis presently used in the DSN.

The Lincar lon Trap and Physics PPackage

The physics package contains the iontrap, optics, and
vacuum, and magnetic bias coils. The trap operates at 1 Mllz,
and is (he same size as carlier versions [4]. The entire trap and
oplics systems are surrounded by relatively large magnetic
shiclds i a configuwration similar 10 1.1TS-1 and LITS-2 [5,6].
The number of shiclds has been increased from three o five
layers improving the longitudinal difierential shiclding from
800(n1,1'1'S- 1) 1620,000.

Thermal contro} was incorpor ated into the physics package to
control the temperatuwre of the trap vacuum system, the
magnetic shiclds and sensitive trap clectronics to (),1 “C.
Thermal regulation is accomplished with a Thermo Electric
Cooler (THC) providing a thermal gain of greater than 20,

The LITS has stiingent vacuumi equirements with a required

base pressure of about 1x10° Torr. The standard operates
with amercury background pressure of about5x107° Ton
and ahclium pressure of about 10-°* 1’ err, Mercury vapor is
genaiated by heating asmallsample of 11g0 to about 1200 <C.

The helium bufler gas isintroduced and stabilized by control
of a heated quartz helium Jeak. lons are pencrated by clectron
bombardment from an extended life lanthanun i hexaboride
cathode.

The main trap and vacuum system is designed to be service
free for at least 10 years. pgy redundancy , dual clectron
source and 1on gauge filaments are included. Vacuum puinps
arcon a valved manifold separate from the trap region to
allow for pump  maintenance. The valved manifold can
acconmiodate two indepenident punping systems consisting of
cither a tusbomolecular -forepump and/or an ion-getter pump
combination. 1,11’ S-4 currently operates with a

turbo-forepump system requiring ashort inaintenance period
every two years.  FElectrical power to al of the heaters,
filaments, and a vacuum isolation valve, is interlocked to the
vacuum pi essure as read by an ion gauge controller,

A major focus of the engincering program was the
development of reliable and stable clectronices, for trap
opelation, microwave intern ogation, and control of the 1 .ocal

Oscillator (1.0). A block diagram of the electronic assemblics
interfaced with the physics package is shown in ¥ig. 2. To
minimize developiment time and cost, commercial electronics
and componients were used when feasible. Major conuncercial
components include a VX1 instrumnen tation system (includes
[1 3ASIC contioller, counters, 1DAC, RS-232 communication,

and multimeter) , an ion gauge controller, 7 M1z synthesizer,
monitor computer, and thermal controller.

Many clectronic assemblies were also developed in our
laboratory, including  electronics specific to the trap and
control of the local oscillator, To expedite development time,
carly concepts and breadboards were tested on LITS-1 and
11'1’S-2. Major trap clectronics tasks included generation of
stable trapping potentials, a filament driver for 1on loading,
curtent source for generating the operating magnetic field, the
40.5Gllz. synthesis chain, and the lamp powcr-cooling
system Other major electronic assemblies developed were the
main power supply, physics package thermal control, loca
oscillator control, and the RE distribution to the DSN. Smaller
clectronic assemblics were packaged in standardized modulat
enclosures and located in the physics package.  L.arge
clectronic assemblics were made rack mountable and 1eside
in an adjacent clectronics rack. All clectronic assemblics use
standardized power, control, and monitor connections to
allowing for casy trouble shooting and maintenance changes.
A more detailed description of the elect onic requitements and
enginect ed assemblies will be published elsewhere [14].

Iuterrogation Cycle Control and Monitor: The IBASIC
controller in the HP VXI-B instrumentation system controls
the clock interrogation cycle. A short program defines the
operating and timing parameters for 1on interrogation and
determines corrections to keep the local oscillator on
frequency with the ions. The program is dightly modified
whendifter ent local oscillators are used

A separate, inexpensive personal computer is used as a health
and monitor system. Critical operating values (c. g. light
counts, voliage levels, and 1.0 frequency ciror values) arc
passed from the VXito the monitor computer cach
mecasurement cycle (ypically 7 to 12 seconds). Monitor data
is wiitten to the PC hard drive and available for F'TP transfer
to our laboratory for analysis. A capabilily to set alarm
paramecters and notify users of anomalous operation is also
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included ¥ orreliability, there isno handshaking between the
VX | and the monitor computer.

Oscillator (J,()) plays an important role in the achicvable
performance with a passive atomic frequency standard| 1 1].
Most of the carliet characterization of trapped ion frequency
standards was performed using hydrogen mast]-s for the local
oscillator, though quarlz crystal and superconducting
diclectiic 1esonators have also been used [4,12].  The
engineet ing prototype has the capability of interfacing to any
of these 1.0's and the interrogation cycle and 1,() attack time
is optimized for each 1.0 with software. 1 {ithei the quartz
crystalor al I-mast] suffice as a local oscillator for
continuous operation. ’resently, the 4 Kelvin  cryogenic
diclectric resonators operate unperiurbed ont y as long as the
helinm Dewar hold time.

Figwm ¢ 3 shows the expected performance of a trapped
mercury ion standard operating with SIN corresponding to a
astability of 7x10™/1'? using three different loca oscillators,
a vCXo0, a hydrogen mascr, and a Superconducti ng Cavity
Maset Oscillator (SCMO). With a VCXO, the short term
stability and steering algorithm can great ly impact the stability
[11]. ¥or times longer than 10° seconds, the achicvable
stability will be determined almost exclusively by the LITS,

A similar though smaller degradation results from using a
hydrogen maser as the 1.O. Depending on the short term
stability of the mascr, the trapped ion performance of
7x 101" can casily be degraded to 1x10%/2 . Withan
SCMUQ) asthe 1,() [ 12] the full short term stability of thelITS
can be characterized.

For stand alonc oper ation 1.11S-4 uses a state of the art BVA
SC cut 5 Mz VCXO as the local oscillator. Multiplication
and division of the VCXO output provides the required
distribution frequencics to the 1SN at 0.1, 1,5, 10, and 100
Ml 17 One of the 100 Mi 7 outputs provides the source signal
for the multiplicatior 1 chain up to 40.507,347,996,8xx Gllz
{o interrogate the 1ons. The VCXO is steered after cach ion
interrogation cycle in a frequency lock loop to track the ion
alomic line. The high resolution voltage control of the quartz.
crystaloscillator is accomplished with the usc of Time to
Analogue Converter (FAC) consisting of a commercial pulse
generator and a current integrator [ 13]. This technique allows
steering the VCXO with a mimimum correction step of
110" | yet provides the range 1o steer the VCXO for more
than S years without adjustment.

Initial Operational Fxperience

initial characterization and operationof 1,1'1'S-4 in ow
laboratory was performed using ahydrogen maser asthe 1.O.
A signalto noise ratio was achicved to produce the desired
performance goal of 7x10'1"2 Recently, furthe

optimization of lamp operation has produced avery large S/N
al an interrogation time of only 8 seconds. Figure 4 shows the
40.507,347,996,8xx Gllz. microwave signal that using Tq. |
predicts a short term stability of 2.0x 10™/1 2. ¥or reference
this perform ancc is shown as a dashed line in figure 3. Two
LTS standards using cryogenic dicleetric resonator 1.0's will
be requin cd to diveetly measure this performance.

Initiallixperience in the 1SN with a crystal oscillator

For carly oper ational experience in the IDSNenvironment, the
engineering prototype LITS-4/VCXO was moved to the
Goldstone, CA 1SN complex (SPC- 10) in September 1995
and opcerated continuously until it was returned to our test
laboratory in February 1996.  opt]-at ion  was briefly
interrupted for one day in November due to a scheduled power
shutdown.

Luring shipping, to §] ' C- 10, the vacuum syslci valves were
closed and the pumps were ofl’ for approximately 9 hours
while it was transported to the station. (previous standards
have hcen valved off for weeks with no significant
conscquences to startup performance). Total time to re-cable
the physics package to the clectronics rack, power up, acquire
the microwave signal, and put the VCXO on frequency was
about 3 hours. T'he standard takes about 48 hours 1o come to
thermal equilibrium and tbc best long term  stability
(<1x107/day) can be achieved in approximately 10 days.

During this 135 day test  Stability comparisons were
performed on an intermittent basis between the LITS-4 and an
SAQ hydrogen maser using temporary measurement hardware
externalto the 1.1'1’S standard. For part of the 135 day
duration the 1LITS-4/VCXO 5 Ml output was connecled to
a TurboRoguc GPS receiver for comparisons to other

standards located around the world [ 15].

Operating parameters such as ion florescence, voltage, and
temperature levels were examined obscrved daily in our
laboratory in Pasadena, California Sixty-four channcls of data
were colleeted by the monitor computer each interrogation
cycle and saved into onc hour files. Thesc files were
transferred to JPL. daily via the Internet. Stability data from
t h e temporary measurement system were also gathered
remotely. Figure S shows the measured stability between
LITS-4/VCXO and the VI .G-11 hydrogen maser SAQO-15
[16] for a 10 day interval. The short term performance shown
results from the available quartz crystal 1.O and the first order
steel-ingloop [11]. For averaging times longer than 40,000
seconds the observed long term stability is duc to thedrift of
the SAO hydrogen reference maser [8). Figure 5 also shows
the stability comparison with the linear component of the
maser drift removed.

Before the SN test, the only characterization of
LITS-4/VCXO against a second LITS standard is shown in
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Figure 5. This 3 day companisonagainst 1,1' 1’ S-3 (using an
1J-maser 1,()) [20] shows the stability of the crystal 1,0 based
1,1' 1'S4 passing into the 10" decade at about a day.

Finvironmental Scnsitivity

A full charactarization of the 1,1' 1S4 environment a sensitivity
and optimization of opcration parameters is currently being
perfor med. The four largest frequency oflscts [6|are 1) the
magnetic field shift, 2) the 2nd Order 1 Yoppler shift (due to
thermal and driven ion motion), 3) asmaller | lelium pressure
shifl, and 4) a very small light shift duc to the prescnce of
some light fi om the discharge lamp dim state during
miciowave interrogation.

in the present physics package configuration, the magnetic
shielding is suflicient to reduce external fluctuations by
20,000. At the cunrent "high field” operation of 50-80 mG the
sensitivity to external fluctuationsis 2x 1 077/mG. All eflorts
were made 1o eliminate possible stiay cur ents o1 ground
loops. The vacuum pumps are isolated from the trap vacuum
with a glass break. Future ver sires of the physics package
118,5] will eperate at much lower magnetic ficlds educing
ficld sensitivity even maoi C.

The second order opplar shift will most likely he the cur ent
limitation to very long term stability. 1 .ong term stability
1equires the ion number (and temperatui €) to be kept stable
over the length of the averaging interval. The 1on number
depends on operating parameters, trap well depth, ion load
and loss |-ate, and the condition of the vacuum. ‘I’ he elect ron
current used to jonive "*°11g atoms and the temperature of the
11P,() sow cc are regulated. The aging of the vacuum system or
changes inthe g pressure as afunction of 11g0 temperatui e
over timeare not controlled. The longest continuous stability
measurcment to date in this “open loop” operation isthe 5
month comparison between 1,1'1' S-2 and a cavity compensated
hydr ogen maser STSC- 1]17][ 8] Over this 5 month interval
the 1 clative long term drift was mcasured to be
2.1 (0.8)x1()""/day. B ccausc of improved shielding and
clect onic stability theengineering prototype 1,1'1’ S-4 should
produce along term stability better than 1,1'1'S-2.

Thermal Sensitivity Anomaly: The frequency sensitivity to
thermal variations in the earlierrescarch1.1TS- 1and LITS-2
with no thermal regulation was about -1 x 10°/¢C. initial
thermal sensitivity measurements with 1,1'1' S-4 showed the
thermal sensitivity to be as high as Sx10-]14/¢’~ (with the T1iC
ofl), almost an order of magnitude higher and the sign
opposite than expected.

Viarly operation of 1 ,1'1'S-4 was set up to maximum the
detected signal to noise ratio. The source of the higher than
expected thermal sensitivity canbe seen inFig. 7 which
shows the thermal sensitivity correlated with the signal size.

Asthe trapping potential is changed, the well depth, and
therefor ¢ the ion density and temperature come to a new
equilibrium For very lar ge ion clouds, small variations inion
number (dueto varying load and loss rates, resulting from a
vacuum wall temperature change) can have a larger effect,
than the same variations for afew ions along the trap axis.
Figure 7 shows the signal size as a function of RF trapping
potential expi essed as a calculated Allan deviation for the &
sceond interrogation time. At an operating value of 175 Vrms,
high performance of 0 (1)=2x 1 0"*/1"” is associated witha
thermal sensitivityof Sx10“]4/0~. For most applications, this
fiequency performance iStotally masked by limitat ions of the
local oscillator, so by opcrating at alower well depth, e.g. 110
Vrms, we can slill maintain a performance  of
0,(1)7 5x10"/1"? with a thermal sensitivity bclow
1x10"/°C. This unregulated sensitivity is about the same as
the fully regulated sengitivity of the hest hydrogen masers
currently in the 1ISN. ‘] "hese masers require thermal regulation
to 1 ()() microKelvin. The LITS improvement in long term
stability by a factor of 30 can be achicved with long term
thermal regulation of only 0.1 °C.

Reliability and maintainability

The clectronics are commercial or modular and easy to replace
if necessary. The standard oper ales  continuously with a
physics package that should require no vacuum openings for
10 years Twhbopump maintenance will need to be performed
on about atwo year interval to lubricate the main bearing, o
alternatively to switch to a second pumping system atlached
to the manifold.
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The lamp may require periodic adjustment or replacement. A
lamip lifetime of more than 3 years was achicvedin 1.1'1'S-2,
though the lifetime can be significantly reduced by imprope:
fabrication. 1 .ong lamp life is correlated to quarts. quality,

202

cleat iliness, and mostimportantly, “*1 Ig pressure. Presently,
the powei to the lamp is switched between two modes (bright
and dim), requiring thermal equilibrium paramet ers to be
fined tuned for proper operation. Since the 17(1 M1 1z lamp
driver amplifier is itself thermally sensitive, the thermal
cnvironment at the cleetronics rack must remain in a 6 degree
window for the lamp level Yor operation out of this
temper ature range the lamp power levels would requite a
small adjustment 1o maintain proper switching. All of the
standards operate in agood thernal environment in the 1)SN,
though a different 170 M1 Iz amplifier with lower thermal
sensitivity may be included in future versions to make lamp
operation mole robust to large thermal changes in the
cnvironment.

J'uture Physics Package Upgrade

An 1 ixtended Lincar Ton Trap (11119 has been under
development in our lab for the last two years|18,19]. This
lincarion trap consists of two regions, a magnetically shielded
region for microwave interrogation, and a separate region for
1on loading and intesrogation With 194 nm light. ions arc
"shuttled" back and forth between these to regions with 1X;
potentials. *J'here arc a number  advantages of this
configuration. Practical advantages arc the standard canbc
smaller, lighter, and lower cost. The major maintenance
advantage is that the lamp and photomultiplier tubes canbe
accessed without opening the magn ctic shiclds. Performance
advanlages, especialy towards further improvements of long
tern stability and accuracy should result from operating at
1 educed 1on densitics during microwave inlerrogation.
Inar cased magnetic homogeneity will also allow operation at
lower fields.

initial results from a rescarch versionof the 1,1'1'1 ¢
configuration produced equivalent signal to mist as with the
current LITS standards[8, 19]. Longer term stability
chat aclerization iS in progt €ss.  An engineering prototype
“1,1'1'11" replacement for the 1 .1TS physics package is being
designed to be exchangeable with the current configuration
and will usc the same clectronics assemblies developed for the
engineering prototype.

Conclusions

A mereury lincar 1on trap frequency standard engincering
prototype, 1.ITS-4, has been developed for continuous
operation and tested in the NASA | decp Space Network.
Measured signal o noise, and atomic line Q indicate that
1,1'1'S- 4 could achicve ashort term stability performance of

0,(1)- 2x10"/1""* when operated with an approprialc local
oscillator.

The trapped ion fi cquency standard can operate with a varict y
of local oscillators(l ,()), including a quartz crystal, a
cryogenic diclectric resonator oscillator, or ahydrogen maser.
The 1O carrently used i stand-alone operation in the 1SNis
alBVASC cut quaitz crystal oscillator with a fractional
fi equency stability of 1,2 x 10 from 1 to 100 scconds. A
time to analogue converter and integrator a1 e used to generate
the high resolution control voltage needed to steer the VEXO.
With a quartz crystal LO the 1.I1S-4/VCXO fi actional
ficquency stability” passes into the 107 stability region at
about 1 day.

‘The leading maintenance and longevity issues pertain to lamp
and vacuum pump lifetime. Progress has been made on lamp
fabrication, which now have ademonstrated lifctime of more
than the ec years. Vacuum pump maintenance of 1.1'1'S-4 can be
accomplished without venting the main vacuum syst cm, whi ch
should require no openings for at least 1() years. The control
clectt onies arc built from commercia pi oducts where feasible,
and engincered subsystems arc modular for easy replacement.

‘The same electronics will also be used with the new exiended
lincar ion trap configuration currently under development.
This alternative physics package configuration will offer a
number of advantages including reduced size and cost, casict
maintenance, and operation at |-educed ion densities. This last
feat ure will be akey in achieving further impt ovements to
long term stability and accuracy.

*T'his work was performed at the Jet Piopulsion Laboratory,
California Institute of Technology, under contract to the
National Acronautics and Space Administration.



